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ABSTRACT
Context. The blazar PKS 1510-089 is an example of flat spectrum radio quasars. High-energy emissions from this class
of objects are believed to have been produced by inverse Compton radiation with seed photons originating from the
broad line region. In such a paradigm, a lack of very high-energy emissions is expected because of the Klein-Nishina
effect and strong absorption in the broad line region. Recent detection of at least three such blazars by Cherenkov
telescopes has forced a revision of our understanding of these objects.
Aims. We have aimed to model the observed spectral energy distribution of PKS 1510-089 from the high-energy flares
in March 2009, during which very high-energy emission were also detected by H.E.S.S.
Methods. We have applied the single-zone internal shock scenario to reproduce the multiwavelength spectrum of
PKS 1510-089. We have followed the evolution of the electrons as they propagate along the jet and emit synchrotron
and inverse Compton radiation. We have considered two sources of external photons: the dusty torus and the broad
line region. We have also examined the effects of the gamma-gamma absorption of the high-energy photons both in the
AGN environment (the broad line region and the dusty torus), as well as while traveling over cosmological distances:
the extragalactic background light.
Results. We have successfully modeled the observed spectrum of PKS 1510-089. In our model, the highest energy emis-
sion is the result of the Comptonization of the infrared photons from the dusty torus, thus avoiding Klein-Nishina
regime, while the bulk of the emissions in the GeV range may still be dominated by the Comptonization of radiation
coming from the broad line region.
Key words. galaxies: active – galaxies: jets – quasars
1. Introduction
The observations by the Fermi/LAT instrument in the
high-energy (HE: 100 MeV < E < 100 GeV) range resulted
in an identification of 1873 sources (Nolan et al. 2012). Most
of these sources are blazars, which are very luminous, ac-
tive galactic nuclei (AGNs) with relativistic jets pointing
toward the observer.
The broadband spectrum of blazars is dominated
by non-thermal emissions produced in a relativistic jet
(Blandford & Rees 1978). The spectral energy distribu-
tion (SED) of blazars is characterized by two, broad spec-
tral components. A low-energy component extends from
the radio to optical/UV/X-rays, and is produced by the
synchrotron radiation of relativistic electrons. The high-
energy component may extend from X-rays to γ rays and,
according to recent interpretations, is produced by inverse
Compton (IC) radiation with a possible source in seed pho-
tons, being either the synchrotron radiation, the broad line
region (BLR), or the dusty torus (DT).
Blazars can roughly be divided into two classes: flat
spectrum radio quasars (FSRQs) and BL Lac objects;
? e-mail: abarnacka@cfa.harvard.edu
FSRQs are distinguished by the presence of broad emission
lines, which are absent or very weak in BL Lac objects.
The high-energy component of FSRQs is usually much
more luminous than the low-energy one. The seed photons
for inverse Compton radiation most probably come from
regions external to the jet (Sikora et al. 1994; B laz˙ejowski
et al. 2000). The high-energy component of BL Lac objects
results from the Comptonization of synchrotron photons.
The luminosity at the peak of the high-energy component is
comparable or lower than the synchrotron peak luminositiy
(Blandford & Rees 1978).
If the high-energy component is produced by an inverse
Compton scattering of photons reprocessed in the BLR,
then the spectra of FSRQs should have a cut-off at a few
GeV due to the Klein-Nishina (KN) effect (Moderski et al.
2005). Spectral breaks at a few GeV have been found in
many FSRQs (Abdo et al. 2011). The most prominent ex-
ample is 3C 454.3 (Abdo et al. 2009). In addition, the
luminous IR-UV photon fields from the BLR or the DT
can cause a strong absorption of HE and very high-energy
(VHE: > 100 GeV) photons by electron-positron pair pro-
duction (Donea & Protheroe 2003; Liu & Bai 2006). This
mechanism was proposed by Poutanen & Stern (2010) to
explain the observed spectral features in several blazars.
1
ar
X
iv
:1
30
7.
17
79
v2
  [
as
tro
-p
h.H
E]
  3
 Ju
n 2
01
4
Barnacka et al. 2013: PKS 1510-089 - FSRQ with VHE emission
Despite a large number of FSRQs detected in the
HE range, almost all blazars observed in the VHE range
belong to the BL Lac class of objects (Errando et al.
2012). Recently, however, Cherenkov telescopes have de-
tected three FSRQs in the sub-TeV range. The first de-
tected object was 3C 279, observed with the MAGIC tele-
scope (Aleksic´ et al. 2011a). Two additional FSRQs are
4C 21.35, detected by the MAGIC telescope (Aleksic´ et al.
2011b), and PKS 1510-089, detected with H.E.S.S. (Hauser
et al. 2011; Wagner & H.E.S.S. Collaboration 2010). The
detection of these objects proved that FSRQs can also emit
photons in the VHE range.
This VHE emission is very difficult to explain within
the current models of FSRQs, which assume that the γ-
ray emitting region is close to the base of the jet, within
distances up to 10−2 pc, where the strong external photon
field originating from the broad line region is present. We
investigate impacts of the location of the emitting region on
the spectral energy distribution. In particular, we focus on
the impact of an environment on the jet, such as external
photon fields, the γ − γ absorption, and the Klein-Nishina
effects.
The paper is organized as follows. In Section 2, we de-
scribe general properties of PKS 1510-089. In Section 3, we
report the results of the monitoring on the source during
its flaring activity in March 2009, together with simulta-
neous multiwavelength observations across the electromag-
netic spectrum. In Section 4, we present the SED modeling
and discuss the absorption, as well as the location of the
γ-ray emitting region in the jet of PKS 1510-089. The dis-
cussion and conclusions are presented in Sections 5.
2. Blazar PKS 1510-089
Blazar PKS 1510-089 (αJ2000 = 15
h12m50.5s, δJ2000 =
−09d06m00s), at a redshift of z = 0.361, is a FSRQ detected
in the MeV-GeV band by the EGRET detector (Hartman
et al. 1999). It is characterized by a highly relativistic jet
that makes a ∼ 3◦ angle relative to the line of sight (Wardle
et al. 2005). The radio jet of PKS 1510-089 is curved and
shows an apparent superluminal motion as high as 45 times
the speed of light (Homan et al. 2001, 2002; Jorstad et al.
2005).
The first large multiwavelength campaign on PKS 1510-
089 took place in August 2006 (Kataoka et al. 2008) and
involved the Suzaku and Swift satellites, as well as ground-
based optical and radio instruments. The campaign allowed
the construction of the broadband spectrum of the object,
ranging from 109 to 1019 Hz. The spectrum was success-
fully modeled using the one-zone internal shock scenario.
Kataoka et al. (2008) focused their work on the explanation
of the X-ray part of the SED, where an excess of emissions
has been observed. If interpreted as bulk-Compton radia-
tion, this excess allows an estimate of the pair content of
the jet. In the case of PKS 1510-089, the ratio of e+e− pairs
to the number of protons was estimated to be on the order
of 10. This implies that although the number of e+e− pairs
is larger than the number of protons, the power of the jet
is still dominated by the latter. As an alternative interpre-
tation, Kataoka et al. (2008) proposed that the observed
soft X-ray excess might be explained as a contribution of
the synchrotron self-Compton (SSC) component, which, al-
though energetically inefficient, shows its presence in the
soft X-ray range.
Abdo et al. (2010) have reported on multiwavelength
observations of PKS 1510-089 during a high activity period
between September 2008 and July 2010. These observations
revealed a complex variability in optical, UV, X-ray, and γ-
ray bands of time scaled down to 6−12 hours. The study of
the correlation of the variability in different energy ranges,
performed by Abdo et al. (2010), shows lack of a correlation
between the γ rays and the X-rays, a weak correlation be-
tween the γ rays and the UV(R) band, and a significant cor-
relation of γ rays with the optical band. Abdo et al. (2010)
attempted to model three distinctive flares observed dur-
ing the period with simultaneous data from radio to γ-ray
energies. They adopted the IC scenario with seed photons
originating from the BLR to explain the HE emission. The
emission region in their model was assumed to be located
within the subparsec scale. A significant fraction of the IC
scattering in their model occurred in the KN regime lead-
ing to the curved MeV/GeV spectral shape that matches
the observed spectrum in the HE range.
A multiwavelength campaign in a quiescent state
of PKS 1510-089 was conducted in 2011 (Nalewajko
et al. 2012). The campaign included Herschel observa-
tions combined with the data publicly available from the
Fermi/LAT, Swift/XRT, SMARTS, and the Submillimeter
Array (SMA). Nalewajko et al. (2012) concluded that at
least a two-zone blazar model is necessary to interpret the
entire dataset. They suggested that the observed infrared
emission is associated with the synchrotron component pro-
duced in the hot-dust region. To explain the γ-ray emis-
sion, they proposed an IC component produced in the BLR.
Both components were located within the subparsec scale.
In such a scenario, the optical/UV emission would be asso-
ciated with the accretion disk thermal emission, with the
accretion disk corona likely contributing to the X-ray emis-
sion. Nalewajko et al. (2012) demonstrated that a single-
zone scenario would require an unrealistically high-energy
density of the external radiation to explain the observed
data and, in particular, the Compton dominance.
Most recently, Saito et al. (2013) investigated the γ-ray
light curve of the source obtained with Fermi/LAT during
the period from September to December 2011. They found a
variety of temporal characteristics and variability patterns,
e.g. very rapid flares with doubling times of 1 h and an
energy release comparable to the kinetic luminosity of the
jet.
3. Observations
In March 2009, a flaring activity of PKS 1510-089 was re-
ported in the high-energy range (D’Ammando et al. 2009;
Pucella et al. 2009; Vercellone et al. 2009). The flaring ac-
tivity was also detected by the ATOM telescope and the
GASP project (Villata et al. 2009). Observations with the
H.E.S.S. telescopes followed the reporting of this flaring ac-
tivities. In this work we used the H.E.S.S. and Fermi/LAT
spectrum published by H.E.S.S. Collaboration et al. (2013),
which covers two periods. The majority of VHE emissions
was detected during the first period. The Fermi/LAT spec-
trum is obtained for the time period simultaneous with the
H.E.S.S. observations of PKS 1510-089.
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3.1. H.E.S.S. observation
The H.E.S.S. data were taken simultaneously with the peak
of the HE flare recorded by Fermi/LAT. The H.E.S.S.
Collaboration carried out observations of PKS 1510-089
in two periods. The first observations were taken between
March 23, 2009 (MJD 54910) and April 2, 2009 (MJD
54923). The second report of the HE activity triggered the
H.E.S.S. observations between April 27, 2009 (MJD 54948),
and April 29, 2009 (MJD 54950). The H.E.S.S. observations
resulted in 15.8 hours of good-quality data. The spectrum
in the energy range from 0.15 TeV to 1 TeV is well repre-
sented by the power-law function with a spectral index of
Γ = 5.4 ± 0.7stat ± 0.3sys. The integral flux corresponds
to ≈3% of the Crab Nebula, or, equivalently I(0.15TeV <
E < 1.0TeV ) = (1.0 ± 0.2stat ± 0.2sys) × 10−11cm−2s−1
(H.E.S.S. Collaboration et al. 2013).
3.2. Fermi/LAT data analysis
The Fermi/LAT (Atwood et al. 2009) data, simultane-
ously with the H.E.S.S. observations, were published by
the H.E.S.S. Collaboration et al. (2013). The light curve
between MJD 54909.5 and MJD 54951.5 shows two evi-
dent flares, one centered around MJD 54916, and the other
centered around MJD 54948.
The HE data taken between MJD 54914.8 and
MJD 54917.5 were best fitted by the log-parabola
model dN/dE = n0(E/E0)
−α−βln(E/E0), with the fol-
lowing parameters: a normalization n0 = (10.5 ± 0.7) ×
10−9cm−2s−1MeV−1, slope parameters of α = 1.81 ± 0.13
and β = 0.161±0.048, and the energy E0 fixed at 260 MeV.
3.3. RXTE, Swift, optical and radio data
The RXTE light curve and spectrum, as well as the radio
data, were presented in Marscher et al. (2010).
The Swift/XRT spectrum in the period corresponding
to the H.E.S.S. observations (MJD 54910-54923) was pro-
duced using the Build Swift/XRT Products tool (Evans
et al. 2009). The resulting Swift/XRT spectrum is ac-
curately described by a power law with photon index
1.45 ± 0.03. The galactic absorption with a hydrogen col-
umn density of 6.89 × 1020cm−2 was assumed (Kalberla
et al. 2005).
The optical observations have been carried out with the
ATOM telescope located on the H.E.S.S. site and operated
by the H.E.S.S. Collaboration. PKS 1510-089 is one of the
sources regularly observed with the ATOM. The maximum
optical flux of 5.724±0.150mJy was observed by the ATOM
in the R band in March 2009 (H.E.S.S. Collaboration et al.
2013).
The radio data during the flare were recorded through
the Michigan Radio Astronomy Observatory (14.5 GHz),
the Metsaovi Radio Observatory (37 GHz), and the
Submillimeter Array (230 GHz) and are presented in
Marscher et al. (2010).
4. Modeling
We have aimed to reproduce the spectral energy distribu-
tion (SED) of PKS 1510-089 during the high-energy (HE)
state recorded in March 2009, during which very high-
energy emission (VHE) were also detected by H.E.S.S. tele-
scopes. Our approach was to use the one-zone leptonic
model implemented in the BLAZAR code (Moderski et al.
2003).
The BLAZAR code models non-thermal flares following
the evolution of relativistic electrons injected into the coni-
cal jet as a result of shock operation. The shock forms dur-
ing the collision of inhomogenities propagating down the
jet with different velocities. Such inhomogenities may be
created by some instabilities in the very central part of the
active galactic nuclei. In the absence of a detailed model of
particle acceleration the injected distribution of particles is
assumed to be a broken power law. The injected particles
then lose their energy because of synchrotron and inver-
Compton (IC) emission as well as adiabatic cooling.
The BLAZAR code requires some input parameters, no-
tably the value of the energy density of an external diffuse
radiation field, the injected electron energy distribution, the
value of the magnetic field, and the description of the over-
all geometry of the emitting region.
The parameters of these external photon fields, used
as the input, are estimated based on the observations and
known relations (see section 4.1). The choice of geometry,
mainly opening and viewing angles, and the Doppler fac-
tor are in first approximation motivated by observations,
and then are tuned to best reproduce the overall spectral
energy distribution. The localization of the emitting region
is obtained by combining various effects, thus our choice
is strongly constrained by observations (see sections 4.2.1
and 4.3). The value of the magnetic field and the elec-
tron distribution cannot be constrained directly, but can
be found from the modeling of the SED. The modeling of
simultaneous multiwavelength data, as in the case of the
2009 active state of PKS 1510-089, provides the best tool
for constraining the values of the magnetic field and the
electron energy distribution.
The next sections present the model parameters and
introduce two effects that are important for modeling of
FSRQs at high-energies, namely absorption of high-energy
photons in a process of pair production and the Klein-
Nishina effect. Later in this section we discuss the location
of the region where the bulk of the HE emission is pro-
duced, the so-called blazar zone, and present the obtained
SED of the object.
4.1. Model parameters
The BLAZAR code calculates the evolution of electrons in-
jected along the jet. The injected electrons follow a broken
power-law distribution,
Q(γ) = Ke
{
γp−qb γ
−p for γmin ≤ γ ≤ γb
γ−q for γb < γ ≤ γmax , (1)
where Ke is the normalization of the injection function, p
and q are low- and high-energy electron spectral indices,
and γb, γmin, and γmax are break, minimum, and maximum
electron Lorentz factors, respectively.
The electron injection starts at some distance R0 from
the center and continues until R = 2R0, while the electron
evolution is followed up to 3R0. The proper choice of R0 is
crucial for the SED modeling. The luminosity of the accre-
tion disk has been reported by Nalewajko et al. (2012) to
be Ld = 5× 1045 erg s−1.
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Fig. 1. The energy density of the extended fields as a func-
tion of the distance from the central source. The energy
density is given in the jet comoving frame. The violet solid
line represents the energy density of BLR, the red dashed
line the energy density of DT, and the green dashed-dotted
line the energy density of magnetic field.
Two sources of external photons, DT and BLR, were
considered. Following the equation (Pian et al. 2005)
RBLR = (22.4± 0.8)
[
λLλ(1350A˚)
1044 erg s−1
]0.61±0.02
light days , (2)
the size of the BLR, RBLR, is estimated to be 0.12×1018 cm.
The dust temperature is T = 1.8T3, where T3 = 1000 K
(Nalewajko et al. 2012). The size of the DT is approxi-
mately RDT ' 1.94 × 1018 cm (see Eq. 39 in Sikora et al.
(2009)).
The energy density of the magnetic field, B, is defined
as uB = B
2/8pi (see Table 1). The energy density of exter-
nal radiation fields have been calculated using the equation
(Sikora et al. 2009)
uext(r) ' ξextLd
4picR2ext
1
1 + (r/Rext)next
, (3)
where ”ext” can be either DT or BLR, and ξext is a fraction
of reprocessed emission from the accretion disk. We adopted
nBLR = 3 and nDT = 4 (Sikora et al. 2009; Nalewajko
et al. 2012; Hayashida et al. 2012). The corresponding en-
ergy density in the jet comoving frame is approximated as
u′ = 4/3Γ2uext.
We have used ξBLR ≈ 0.1 and ξDT ≈ 0.2. The values of
ξBLR,DT together with values of Ld, RBLR,DT listed above,
give the density of external radiation fields at a distance
2R0, uBLR ≈ 0.09 erg cm−3 and uDT ≈ 0.0005 erg cm−3,
where R0 is the distance from the central engine to the
point where the electron injection starts (see Table 1). The
distribution of the energy density of the photon fields as a
function of distance is presented in Fig. 1.
We assumed a jet Lorentz factor of Γ = 22 and with
the jet opening angle, θjet, related as 1/Γ. The jet opening
angle is then ≈ 2.6◦ (see Table 1). The object is observed at
θobs = θjet, which is consistent with observations (Wardle
et al. 2005).
4.2. Absorption
The fundamental process responsible for the absorption of
HE γ rays is the electron-positron pair production.
The observed HE spectrum after attenuation is
Fobs(E) = Fint(E)e
−τ(E) , (4)
where e−τ(E) is the attenuation, τ(E) is the optical depth,
and Fint is the intrinsic spectrum of the source. The optical
depth given by Gould & Schre´der (1967) is
τ(E) =
∫
dl
∫ cos θmax
cos θmin
d cos θ
1− cos θ
2
×
×
∫ ∞
Eth
dn()σ(E, , cos θ) , (5)
where dl is the differential path traveled by the HE photon,
θ is the angle between the momenta of HE and low-energy
(LE) photons, and Eth is a threshold energy for pair pro-
duction. The energy of the HE photon is E and the energy
of the LE photon is . The density number of the LE pho-
tons is n() cm−3. The cross-section σ(E, , cos θ) of pair
production is given by Bi & Yuan (2008).
High-energy photons can be absorbed by several pho-
ton fields during their travel from the emission region to
the observer. The first sources of LE photons are located
in the blazar itself (internal absorption). Then, when pho-
tons escape from the blazar, they travel over cosmological
distances and may be absorbed by LE photons of the ex-
tragalactic background light (external absorption).
4.2.1. Internal absorption
The first possibility of absorption arises from the photon
fields present in the blazar itself. When a HE photon is
produced in the jet within the BLR radius, it has to travel
through the combined photon fields of BLR and DT. The
characteristic frequency of the BLR radiation is of the or-
der of 10 eV (Kataoka et al. 2008), while the character-
istic frequency of DT is of the order of 0.1 eV (Nalewajko
et al. 2012). Since the energy of BLR photons is larger than
that of DT photons, the threshold energy of pair produc-
tion is smaller for the BLR and HE photons are absorbed
above energies of a few GeV. Specifically, at a distance
R = 1017 cm (just inside RBLR) the attenuation for 200
GeV photons due to internal absorption is ≈ 0.1.
To avoid significant absorption by BLR photons, the
blazar zone, where HE photons are emitted, has to be lo-
cated outside the BLR. The photon number density of ex-
ternal radiation (from both BLR and DT) decreases with
distance as in Eq. (3). When HE photons propagate inside
the BLR or DT region then the distribution of the photon
field is isotropic and therefore the cos θ in Eq. (5) ranges
from −1 to 1. However, outside of the BLR or DT regions,
θ have values ranging from θmin = pi+arctan(RBLR,DT/r)
to θmax = pi − arctan(RBLR,DT/r).
Figure 2 shows the internal absorption caused by pho-
tons from BLR, e−τ(E), as a function of the photon energy.
The internal absorption caused by photons from the DT
is significant for γ-ray photons with energies above 400 GeV
and can thus be ignored in further investigation because the
emissions detected during the 2009 flare by H.E.S.S. is in
sub-TeV range.
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4.2.2. External absorption
The other source of LE photons is the extragalactic back-
ground light (EBL). The EBL is the IR/UV radiation gen-
erated by stars (UV) and radiation emitted through the
absorption and re-emission of star light by dust in galaxies
(IR). The EBL models have been reviewed recently by e.g.
Hauser & Dwek (2001) and new constraints on the EBL
intensity have been provided by Meyer et al. (2012) using
the Fermi/LAT data and Abramowski et al. (2012) using
the H.E.S.S. observations of the brightest blazars.
In the case of EBL, the energy of HE photon, E, as well
as the energy of LE photon, , have to be multiplied by
(1 + z), where E and  are the observed photon energies at
z = 0. The distribution of angles, θ, at which background
photons can collide with HE photons is flat when a photon
is traveling over cosmological distances; therefore, the cos θ
of the scattering angle (see Eq. 5) changes from −1 to 1.
The EBL model of Franceschini et al. (2008) has been
used in our modeling of PKS 1510-089.
4.3. Location of the γ-ray emitting region in PKS 1510-089
The choice of the distance of the shock formation from the
central source, R0, is constrained on the one hand by the in-
ternal absorption of gamma rays in BLR, and on the other
hand by the IC efficiency. When R0 is smaller than RBLR, a
significant fraction of the HE radiation (from several dozen
to several hundred GeV) is absorbed. If R0 is greater than
RBLR, then only a few percent of the HE emission is ab-
sorbed.
If, however, the blazar zone is too far away from the
BLR then the photon energy density is too small to produce
the observed γ-ray emission by IC mechanism.
There is some observational evidence that the blazar
zone in PKS 1510-089 may be located outside the BLR. The
radio observations of PKS 1510-089 between September 9,
2011, and October 17, 2011, show a ∆tobs ∼ 40 day increase
in radio flux (Orienti et al. 2013). If the γ-ray flare is as-
sociated with the same region as the radio flare, the pro-
jected distance between the regions where the shock formed
and the site responsible for the γ-ray emission is ∼0.6 pc
(Orienti et al. 2013). Assuming a jet inclination angle of
θjet ∼ 3◦ (Marscher et al. 2010), the deprojected distance
is about ' 10 pc. This demonstrates that at least for some
γ-ray flares, the blazar zone may be located far outside the
BLR.
In the presented modeling of PKS 1510-089, we adopted
R0 = 0.7 × 1018 cm. At that distance, the absorption by
the low-energy photons originating from the BLR is very
small, less than 1%, while the energy density (see Fig. 1)
in the blazar zone of PKS 1510-089 (0.7− 1.4× 1018 cm) is
still dominated by radiation from the BLR. Outside RBLR,
the external radiation field is dominated by uBLR up to
a distance RDT, where uBLR becomes comparable to the
energy density of the radiation from DT.
In the considered scenario, the blazar zone is placed
outside the BLR, thus the radiation form BLR comes from
behind the outflowing plasma jet. The IC energy losses are
smaller here than in the isotropic external radiation fields
(Ghisellini & Tavecchio 2009; Sikora et al. 2013). The im-
pact of the direction of the radiation field on the observed
spectral energy distribution is currently being investigated
(Moderski & Bhatta, in preparation).
Fig. 3. The Klein-Nishina correction factor, σKN/σT, as a
function of the photon energy for different electron Lorentz
factors, γ (black lines). The blue and red lines represent the
energy densities of two external photon fields, BLR and DT,
respectively, transformed into the jet comoving frame.
4.4. Klein-Nishina effect
When the product of the energy of the photon and the en-
ergy of the electron before the collision γ is  1, where γ
is the electron Lorentz factor and  = hν/(mec
2), the in-
teraction proceeds in the so-called Thomson regime. In this
regime, the rate of IC energy losses of relativistic, isotropi-
cally distributed electrons is
|γ˙T | = 4cσT
3mec2
γ2u0, (6)
where u0 is the total energy density of the radiation field.
However, in the case of HE emission in blazars, the pho-
ton energy may become comparable or even larger than the
electron energy (γ > 1). In such a case the cross-section
has to be expressed using the full Klein-Nishina (KN) for-
mula (Moderski et al. 2005). The cross-section is smaller
here than in the Thomson regime as the photon energy be-
comes larger. One of the consequences is a reduction of the
electron energy loss rate
γ˙ = γ˙T FKN , (7)
where γ˙T is given by Eq. (6) and a factor FKN is given by
Moderski et al. (2005).
Figure 3 presents the Klein-Nishina (KN) correction (a
ratio of the Klein-Nishina cross-section to the Thomson
cross-secton σKN/σT ) as a function of the external pho-
ton energy for different electron Lorentz factors γ. The KN
correction is presented together with the radiation of the
BLR and the DT approximated as blackbody radiation and
transformed into the jet comoving frame. Since the elec-
trons with Lorentz factors above 103 are responsible for the
HE and VHE emissions it can be seen from the picture that
most of the scattering of the BLR photons happens in the
KN regime, while electrons with Lorentz factors up to 104
scatter DT photons while they are still in the Thompson
regime.
The rate of IC energy losses of relativistic electrons,
calculated according to Eq. (7), is shown in Fig. 4. For
sufficiently large distances from the center (> 1018 cm),
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Fig. 2. The internal absorption as a function of photon energy emitted in the blazar zone. The values of attenuation
presented for BLR, e−τ(E), are calculated for different distances from the center and assuming the PKS 1510-089 model
parameters listed in Table 1. Left panel: R0 below RBLR. Right panel: R0 above RBLR.
Fig. 4. The rate of IC energy losses of relativistic electrons.
The IC cooling is presented for two sources of seed photons:
BLR (violet lines) and DT (red lines). The cooling rate was
calculated for different electron Lorentz factors γ: 1, 100,
10000.
high-energy electrons cool predominantly by the inverse
Compton scattering of DT photons, even if the energy den-
sity of the BLR radiation field is comparable or higher than
the energy density of the infrared photons (see Fig. 1).
4.5. Spectral energy distribution
The other model parameters are estimated to best repro-
duce the observed multiwavelength spectrum of PKS 1510-
089. The parameters are summarized in Table 1. The overall
spectrum of PKS 1510-089 is presented in Fig. 5. The green
triangles in Fig. 5 represent the observations taken around
the VHE flare in March 2009. The grey circles shows the
data published by Kataoka et al. (2008). The grey squares
are INTEGRAL data analyzed by Barnacka & Moderski
(2009).
All discussed arguments suggest the following scenario
for the PKS 1510-089 flaring activity recorded in March
2009:
– The low-energy component is produced by the syn-
chrotron radiation.
– The high-energy part of the spectrum (from X-rays to
VHE) consists of two components:
– The first component is the IC radiation with seed pho-
tons originating from the BLR. This component domi-
nates the emission in the Fermi range. Because of the
KN effect, this component alone cannot explain the
highest part of the spectrum (> 100 GeV).
– The VHE emission is produced via IC scattering of the
seed photons originating from DT. The same compo-
nent is also responsible for the X-ray part of the spec-
trum, as in the previous modeling attempts of this ob-
ject (Kataoka et al. 2008).
– The modeled emission of PKS 1510-089 convolved with
the EBL attenuation accurately fits the VHE emission.
5. Discussion and conclusions
In this work, we developed a single-zone model to explain
the emission of PKS 1510-089 during the flare observed
in March 2009. The distinct feature of models is the low-
energy component produced by the synchrotron radiation
and the high-energy component produced by the same pop-
ulation of ultra-relativistic electrons via an IC process. It
has been confirmed that the Comptonization of photons
coming from BLR alone cannot explain the VHE emis-
sion due to the KN effect, as anticipated by Moderski
et al. (2005); VHE emission is accurately explained by the
Comptonization of photons coming from the DT.
The recent attempt to model the observed spectrum of
PKS 1510-089 was undertaken by Nalewajko et al. (2012),
who analyzed the 2011 low state of the object. They used
the data obtained with the Herschel satellite to constrain
the theoretical models and concluded that a multi-zone
emission model is necessary to explain the spectral proper-
ties of PKS 1510-089.
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Table 1. The input parameters for modeling of the non-thermal emission of the PKS 1510-089.
Parameter Model
minimum electron Lorentz factor γmin 1
break electron Lorentz factor γbr 900
maximum electron Lorentz factor γmax 10
5
low-energy electron spectral index p 1.2
high-energy electron spectral index q 3.4
normalization of the injection function Ke 1.85× 1046 s−1
bulk Lorentz factor of the emitting plasma Γ 22
jet opening angle θjet 0.045 rad
jet viewing angle θobs 0.045 rad
location of the blazar zone R0 0.7× 1018 cm
jet magnetic field intensity B 0.75 G
scale of the BLR external photon field rBLR 0.12× 1018 cm
energy density of the external photon field uBLR 0.09 erg cm
−3
photon energy of the external photon field hνBLR 10 eV
scale of the DT external photon field rDT 1.94× 1018 cm
energy density of the external photon field uDT 0.0005 erg cm
−3
photon energy of the external photon field hνDT 0.15 eV
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Fig. 5. The overall spectrum of PKS 1510-089. The short-dashed blue line represents the synchrotron component, the
dashed red line is the inver Compton (IC) component with seed photons originating from the dusty torus (DT) before
absorption, and the dashed-dotted violet line is the IC radiation with seed photons originating from the broadband region
(BLR). The orange dash-double-dotted line is the SSC component. The black solid line represents the sum of all the
components, corrected for EBL absorption (see text for details) and absorption on the low-energy photons originating
from the BLR and the DT.
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Fig. 6. H.E.S.S. observation of PKS 1510-089 and the
model with and without absorption corrections. The shaded
region shows the fit to the H.E.S.S. data at 68% confidence,
and the points with errorbars (1σ statistical errors) are
the energy flux. Arrows denote the 99% C.L. upper lim-
its. Data taken from H.E.S.S. Collaboration et al. (2013).
The solid line represents the blazar model without internal
and external absorption corrections. The red long-dashed
line represents the blazar model after internal absorption
correction. In the proposed model, where the blazar zone is
located at a distance of ∼1 pc, absorption in the BLR can
be ignored. The absorption in the DT became significant at
energies ∼ 400 GeV, but the emissions, above these energies
were not detected by H.E.S.S. in March 2009. The short-
dashed blue line, the dashed-dotted-dotted orange line, and
the dashed-dotted violet line represent the blazar model af-
ter internal absorption and external absorption using mod-
els provided by Franceschini et al. (2008), Gilmore et al.
(2009), and Aharonian et al. (2006), respectively.
The fast optical flares observed in 2009 were signifi-
cantly brighter and more strongly polarized than those ob-
served in 2011.
Abdo et al. (2010) modeled the flares observed in 2009,
but were unable to reproduce VHE emission due to assump-
tion of BLR responsible for all HE emission.
The optical flaring activity in 2009 and 2011 might have
been accompanied by an increase in the magnetic field. This
is supported by the observation of a significant increase
in the degree of optical polarization (Sasada et al. 2011)
and observation of the emergence of superluminal knot with
VLBA at 7 mm (Marscher et al. 2010) during the flare in
2009. This behavior of the low-energy component was not
observed in 2011 when the Herschel data were taken.
The source PKS 1510-089 was detected with the
H.E.S.S. system in March – April 2009 during the high
state in the HE and optical domains. The observations re-
vealed a VHE emission up to 400 GeV. Abdo et al. (2010)
model the emission for energies below 100 GeV, without
predictions for the VHE emission.
Our model provides interesting predictions for variabil-
ity pattern observed at different wavelengths; for example,
the HE and X-ray emission does not have to be correlated
because the emission in these energy ranges is produced
by different components. This lack of correlation between
X-ray and HE was reported in the multiwavelength data
presented by Abdo et al. (2010), who also report a positive
correlation between the HE and optical band. The last cor-
relation is a signature of a leptonic single-zone scenario in
which optical and γ-ray emission is produced by the same
population of electrons. Possible lack of correlation between
HE and VHE can also be explained as due to different pro-
duction mechanisms.
Marscher et al. (2010) demonstrated that the HE emis-
sion from the jet of PKS 1510-089 is quite complex. The
emission arises from different regions and probably multi-
ple emission mechanisms are involved. Such a complicated
behavior may be a result of different locations of the blazar
zone during different flares. A complicated interplay be-
tween the internal absorption of different spectral compo-
nents in the HE and VHE ranges may lead to large differ-
ences in the observed correlation or lack of correlation at
different wavelengths.
The absorption of the HE and the VHE photons in the
blazar itself has also been investigated. Figure 6 shows the
blazar model with and without internal and external ab-
sorption corrections. Strong absorption of the VHE photons
by the BLR photon field is avoided by locating the blazar
zone outside the BLR. The absorption by photons from the
DT and EBL absorption become significant only for pho-
tons with energies above 400 GeV. Such a highly energetic
emission was not observed in the case of PKS 1510-089.
The EBL models given by Franceschini et al. (2008),
Domı´nguez et al. (2011), and Kneiske & Dole (2010) have
been used to analyze the absorption of VHE γ rays in in-
tergalactic space. These models are not significantly dis-
tinguishable within the H.E.S.S. errorbars. For compari-
son, Figure 6 shows the blazar model after internal ab-
sorption and external absorption using the models given
by Franceschini et al. (2008), Gilmore et al. (2009), and
Aharonian et al. (2006).
Very high energy emission can be a common feature
of FSRQs. Because of their high luminosity FSRQs can
provide valuable targets for future VHE experiments. The
H.E.S.S. II, with its energy range from tens of GeV, will
provide a great opportunity to search for emission from
other objects of this class.
In H.E.S.S. Collaboration et al. (2013) the Fermi-HESS
γ-ray spectrum was used to put constraints on the EBL
level. In the model described here the assumption of a
single-emission component for the entire γ-ray regime does
not hold. However, if the VHE emission is measured while
the source is in a low state in the Fermi-band, then it is
plausible that the EC component from the torus dominates
the VHE as well as the HE bands. In such a scenario the
method used in H.E.S.S. Collaboration et al. (2013) is still
applicable.
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